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Abstract Epoxy resin/TiO2 nanocomposites prepared by
both reactive suspension method, based on in situ synthesis,
and conventional mechanical mixing are analysed by solid-
state nuclear magnetic resonance and transmission electron
microscopy in order to have a deeper insight into the nature
of interactions at the polymer/particle interface and their effect
on the nanoparticles dispersion. Specifically, solid-state nucle-
ar magnetic resonance experiments showed that the nanopar-
ticles, synthesized by reactive suspension method, can effi-
ciently link the matrix by hydrogen bonds forming a hybrid
organic-inorganic 3D network. Such evidences strongly sup-
ports our previously reported theory, in which the nanoparti-
cles in situ synthesized by reactive suspension method act not
only as rigid filler, but also as actual cross-linking points,
dramatically improving the mechanical properties of the poly-
meric matrix. Moreover, as revealed by transmission electron
microscopy investigations, the formation of such hydrogen
bonds significantly affect also the nanoparticles distribution,
thanks to a stabilizing effect on the nanoparticles’ surface that
prevents their aggregation and improves their dispersion.
Keywords Reactive suspensionmethod . Hybrid
nanocomposite . H-bonds . Nanoparticles/polymer interface .
Dispersion
Introduction
Since the second half of the last century, polymer-based hy-
brid composites became widely used materials being light-
weight and cost-effective, which also attracts the interest of
the industrial world. In particular, the incorporation of inor-
ganic oxides in polymeric matrices has been a very simple
method in order to obtain higher stiffness [1] or to improve
solvent [2] and fire resistance. [3] Nowadays Al2O3, [4] SiO2,
[5] TiO2, [6] ZrO2 [7] and ZnO [8] nanoparticles (NPs) repre-
sent the most commonly used inorganic filler, inducing sig-
nificant reinforcing and stiffening effects to the hosting poly-
meric matrix. Indeed, the filler/matrix adhesion, filler dimen-
sions, dispersion and content play important roles in the final
mechanical properties of the composites. [9] The effects of the
above-mentioned parameters on the polymer mechanical
properties were carefully reviewed by Fu et al. [10], who
concluded that the composite strength and toughness are
mainly affected by the particle/matrix adhesion, expanding a
former study by Ou et al. [11]. Moreover, regarding the effect
on Young’s modulus, a critical particle size was determined.
Below this value, that cannot be predicted a priori, the com-
posite stiffness is significantly affected by the filler particle
size, due to the much larger surface areas that impart the so-
called Bnano-effect^ [10]. In this regard, one of the main prob-
lems related to nanocomposites is the effective dispersion of
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the NPs in the polymer matrix [12]. For instance, Ou and co-
worker showed that when the content of silica in Nylon 6 is
above 5 wt%, the particle aggregation occurs, leading to a
decrement of the composite tensile strength and elongation
at break [11]. In order to overcome this typical drawback,
the authors have optimized a procedure, only recently called
reactive suspension method (RS method), which is based on
the in situ synthesis of oxide NPs in polymeric matrices. Such
method allowed obtaining homogeneous filler dispersion (i.e.
TiO2, [13–18] Fe3O4, [19, 20]) in different polymeric matrices
(i.e. poly(methyl methacrylate) and epoxy resins).
Specifically, the proposed approach combines a non-
hydrolytic sol-gel (NHSG) reaction, [21] used for obtaining
a reactive NP suspension, and a cationic polymerization capa-
ble to polymerize the residual solvent and monomer as part of
the samematrix [22]. Bymeans of this facile two-stepmethod,
it is possible to prepare crystalline NPs homogeneously dis-
persed in a polymeric matrix without requiring time-
consuming separation and purification steps and/or
functionalization procedures, with the possibility to achieve
high filler contents and low aggregation. Regarding the me-
chanical properties of the so-obtained nanocomposites, the
trend is comparable with that one reported by Fu and co-
workers [10]. In particular, epoxy resin/TiO2 nanocomposites,
prepared by RS method, showed an unusual remarkable en-
hancement of the glass transition temperature (Tg) and storage
modulus (E') especially in the rubbery region [13]. However,
comparing the measured E' moduli to the theoretical ones,
predicted by Kerner equation [23], an unexpected and signif-
icant discrepancy was observed [14]. The experimentally ob-
tained values were remarkably higher than both Kerner equa-
tion prediction and values reported by Fu and co-worker, even
taking into account the reported Bnano-effect^ [10]. In our
previous studies [13–15], such behaviour had always been
ascribed to the formation of a very strong interaction at the
particle/matrix interface, which makes filler NPs acting as a
sort of additional cross-linking points. However, the above-
described particles/matrix interaction has never been directly
observed, but it was reasonably assumed by comparing the E'
in the rubbery region of the neat resin and epoxy resin/TiO2
nanocomposites [13, 14]. It is well known that E' of a cross-
linked polymeric matrix (such as vulcanized elastomers) is
mainly governed by the cross-linking density in the rubbery
state, therefore it is plausible to suppose that those particles act
not only as a rigid filler (as considered by Kerner equation and
Fu’s study), but also as an actual cross-linking point [13, 14].
In addition, some theoretical calculations of the average mo-
lecular weight between two cross-linking points strongly sup-
port this idea [15].
In the present work, epoxy resin/TiO2 NPs prepared by
both RSmethod and conventional mixing method were inves-
tigated by solid-state nuclear magnetic resonance (ss-NMR)
and transmission electron microscopy to have a deeper insight
into the nature of the interactions at the particle/polymer inter-
face and their effect on the NP dispersion for supporting the
previously reported results with direct experimental
evidences.
Experimental
Materials
3,4-Epoxycyclohexylmethyl 3,4-epoxycyclohexanecarboxylate
(CE), titanium(IV) chloride (TiCl4), benzyl alcohol (BzOH), pro-
pylene carbonate (PC), ytterbium(III) trifluoromethanesulfonate
hydrate (Yb(OTf)3), chloroform, acetone, ethanol and diethyl
ether were purchased from Sigma Aldrich (Milan, Italy). All
chemicals were high purity reactants and were used as received
without any further purification.
Nanocomposites preparation
According to the previously reported synthesis procedure
[14], 0.59 g of TiCl4 was added dropwise to 1.50 g of BzOH
at room temperature under vigorous stirring. The reaction so-
lution was left stirring at room temperature for 15 min and
afterwards, it was heated at 70 °C for 24 h, by oil bath. The
so-obtained stable titania suspension was mixed with 5 g of
CE epoxy resin and 0.15 g of Yb(OTf)3/PC (1:3 wt/wt) solu-
tion, as thermal cationic initiator, by a T18 Ultra-T2 TurraxVR
Ika disperser (5 min mixing time) followed by 15 min treat-
ment in an ultrasonic bath operating at 59 kHz (LBS 2, Falc).
The formulation was cast then into silicone moulds (cavity
dimensions of 4 × 1 × 0.5 cm3) and degassed for 15 min by
dynamic vacuum in order to avoid bubbles formation in the
final samples. Finally, the formulation was cured at 120 °C for
25 min and post-cured at 160 °C for further 20 min. The so-
obtained material was coded as CE-T5.
According to the so-called ex situ synthesis procedure [14],
composites were also prepared by conventional mechanical
mixing of the ex situ synthesized titania NPs through NHSG
reaction [14]. The powder was centrifuged at 4000 rpm for
15 min and carefully washed twice using chloroform, twice
with acetone and once with diethyl ether, sonicating for
10 min every time that fresh solvent was added. The washed
TiO2 powder was dried at 60 °C for 8 h under dynamic vac-
uum. Titania NPs were used both as obtained and after calci-
nation in air at 500 °C for 5 h in order to eliminate the organic
substances and hydroxyl groups (titanols) present on the par-
ticles’ surface. The composite materials prepared by ex situ
TiO2 NPs were cured using the same conditions, described
above for CE-T5. The so-prepared composites were coded
as CE-T5-ex and CE-T5-ex-C (calcined TiO2), respectively.
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Nanocomposites characterization
The 13C cross polarization-magic angle spinning nuclear mag-
netic resonance (13C {1H} CP-MAS NMR) spectra, of the
prepared samples, were acquired at room temperature with a
Bruker Avance II 400 MHz (9.4 T) spectrometer, operating at
100.63 and 400.15 MHz for both 13C and 1H nuclei. All ex-
periments were performed with a MAS rate of 6.5 kHz, 1024
scans, contact time of 1.5 ms, delay time of 2 s and an excita-
tion pulse on the nuclide 1H 4.35 μs. The optimization of the
Hartmann–Hahn condition [24] was obtained using an
adamantane standard that was also used as external chemical
shift reference (29.5 and 38.6 ppm). All samples were grinded
and placed in 4-mm zirconia rotors that were sealed with Kel-
F® caps using silica as a filler to prevent inhomogeneity in-
side the rotor.
The carbon spin–lattice relaxation times in the rotating
frame (T1ρC) were determined with the variable spin lock
(VSL) pulse sequence [25] using delay times ranging from
0.4 to 30 ms and a contact time of 1.5 ms.
The cross-polarization time (TCH) and the proton spin–lat-
tice relaxation time in the rotating frame (T1ρH) values were
obtained through variable contact time (VCT) experiments
[26], using contact times ranging from 0.05 to 7.0 ms.
The samples for transmission electron microscopy (TEM)
investigations were prepared by cutting 100 nm thick slices by
a Leica EM UC6 ultracryomicrotome. The so-obtained slices
were placed onto 3-mm copper grids Lacey Carbon Films
(200 Mesh) and analysed with a Jeol JEM 2100 operating at
120 kV to avoid the sample degradation due to electron
radiation.
Results and discussion
13C {1H} CP-MASNMR spectra, in Fig. 1, present four broad
signals. The resonance between 16 and 50 ppm is due to the
cycloaliphatic carbons non-bonded to an oxygen atom (CA)
[27], while the signal between 60 and 90 ppm is attributed to
the overlap (CB+B') of the resonances of the aliphatic rings’
carbons (CB) bonded to oxygen atoms and of the CH2 (CB') of
the ester group [27]. The most deshielded signal at 175 ppm is
due to the carbonyl carbon (CC in Fig. 1) [27], whereas the
resonance between 120 and 140 ppm, present in all the spec-
tra, is probably due to the aromatic carbons of the BzOH. No
significant differences in the chemical shift among the signals
of the pure epoxy resin and the nanocomposites were detected.
This indicates that the filler does not cause any chemical mod-
ification of the polymeric matrix. Besides, no spectrum shows
the typical resonance at 55 ppm due to epoxy rings [27], hence
ensuring high curing degree of the epoxy resin also in pres-
ence of the filler, in good agreement to formerly reported
results [13].
In order to have a deeper insight on the filler/epoxy resin
interactions, the systems were also investigated by ss-NMR
relaxometry. Both T1ρC and T1ρH were determined for
obtaining information about the molecular motions in the
kHz range. In particular, T1ρC is a probe of local motions
[28–31], while T1ρH provides overall information on motions
of the whole polymer chains. Involving a large number of
monomeric units, T1ρH is significantly affected by the spin
diffusion process, which tends to average it to a single mean
value [32].
An increase of the T1ρC values (in Table 1) for both CA and
CB+B' signals is observed for the nanocomposites compared to
the unfilled epoxy resin, indicating a slowing effect on the
molecular motions at the local level, due to the inhibition of
the inversion process of the cyclohexyl rings. Such stiffening
effect, at the molecular level, may be correlated at macroscop-
ic level to both Tg and to the E' modulus enhancement, previ-
ously reported for nanocomposite prepared by RS method
[13–15, 33]. This idea is then further supported by the ob-
served increase of T1ρH values (in Table 2), which is evident
in presence of the filler. Such increase of T1ρH indicates that
the molecular motions, associated to the cooperative polymer
Fig. 1 Epoxy monomer formula (upper side) and 13C {1H} CP-MAS
NMR spectra of the analysed samples and related carbon assignments
(asterisk indicates spinning sidebands)
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backbone rearrangements, are capable to slow down a large
number of monomer units, suggesting that each NP bonds
more than a single monomeric unit.
Furthermore, the maximum increase of T1ρC was seen for
samples CE-T5 and CE-T5-ex, suggesting a homogeneous
TiO2 NPs dispersion in these samples. Whereas in the case
of CE-T5-ex-C, the likely inhomogeneous filler distribution
due to the formation of aggregates does not lead to the same
effect on the whole polymeric network resulting in a molecu-
lar mobility only slightly affected.
Concerning TCH, the values (in Table 2) are inversely pro-
portional to the magnetization transfer velocity from 1H
(abundant spin nucleus) to 13C (diluted spin nucleus). This
process is caused by the dipolar interactions through bonds
at the particle/matrix interface. Hence, the higher is the proton
density around the carbon nuclei, the stronger are the dipolar
interactions between them, resulting in smaller TCH values
[33]. In presence of the filler, TCH values for the carbons CA
and CB+B' of cyclohexyl groups increase, whereas for CC de-
crease. On the one hand, the TCH increments of CA and CB+B'
carbons indicate a decrease of dipolar interactions between
these nuclei and protons, suggesting a decrease of proton den-
sity around them. This experimental evidence can be attribut-
ed to a decrease of the average molecular weight between two
cross-linking points especially in presence of in situ synthe-
sized TiO2 NPs, as also reported in our previous
publication [13]. On the other hand, the decrease of the TCH
values for the carbonyl carbon (CC) indicates an increase of
proton density in its environment. Taking into account that CC
does not have any directly bonded hydrogen atom, it is rea-
sonable to assume that the observed increase of proton density
can be ascribed by the interaction between TiO2’s titanols and
the polymeric matrix’s carbonyl groups (CC) that occurs by
means of hydrogen bonds (H-bonds), as schematically repre-
sented in Fig. 2.
It is known that as-synthesized titania NPs, by NHSG
method, are characterized by hydroxil groups (titanols) [34]
on the particle surface and a high temperature calcination
leads to their complete elimination by condensation, as report-
ed elsewhere [14]. Therefore, only non-calcined titania NPs
are capable to act as cross-linking points among polymeric
chains, improving the matrix’s mechanical properties, as pro-
posed by our group in previous studies [13–15].
For this reason, the formation of an actual organic/
inorganic 3D network (as schematically represented in
Fig. 2) is capable of significantly constraining the polymer’s
chain mobility. In particular, this is mainly promoted by NPs
in situ synthesized by RS method [35], rationalizing the re-
markable macroscopic stiffening effect in the rubbery state
observed in our published papers [13–15].
Interestingly, the formation of such H-bonds at the
interface does not only affect the polymer mechanical
properties, but also the filler dispersion, limiting the
aggregation that typically occurs with oxide NPs.
Some representative TEM micrographs of the prepared
samples are reported in Fig. 3, in order to compare the
effect of the preparation method on the filler distribu-
tion. The sample CE-5T, in Fig. 3a, shows titania do-
mains with sizes between 50 and 300 nm, homoge-
neously distributed in the polymer matrix. It can be
noticed that each domain is composed by small primary
NPs with a dimension of 5–10 nm. The homogeneous
dispersion is not only due the in situ synthesis that
already intrinsically limits the NPs aggregation, but also
thanks to the formed H bonds that have a stabilizing
effect on the particles’ surface, preventing their aggre-
gation. The TEM micrographs of the sample CE-T5-ex,
(Fig. 3b), display that the filler is not homogeneously
distributed inside the matrix, showing aggregates with
dimensions that range from 50 to 500 nm and few of
them exceed 1 μm. Even in this case, each aggregate is
composed by small primary NPs with dimensions be-
tween 5 and 20 nm, visible at higher magnification.
Such poor filler dispersion is due to the mechanical
mixing, used for preparing the samples, which does
not allow achieving complete filler re-dispersion, on
the contrary to what was observed in the case of CE-
T5. As expected, even worse filler dispersion is ob-
served in the sample CE-T5-ex-C (Fig. 3c), where big
TiO2 agglomerates embedded in the polymeric matrix
Table 1 T1ρC values of the aliphatic carbons (CA and CB+B') of the
pristine epoxy resin and nanocomposite samples
Sample code T1ρC (CA) (ms) T1ρC (CB+B') (ms)
CE-T0 13.2 ± 0.1 12.3 ± 0.1
CE-T5 18.9 ± 0.2 18.0 ± 0.3
CE-T5-ex 20.6 ± 0.2 21.4 ± 0.2
CE-T5-ex-C 14.0 ± 0.1 16.4 ± 0.3
Table 2 TCH e di T1ρH values of
the ss-NMR signals (CA and CB+
B') related to the pristine epoxy
resin and nanocomposite samples
Sample code TCH (CA) (ms) TCH (CB+B') (ms) TCH (CC) (ms) T1ρH (CA) (ms) T1ρH (CB+B') (ms)
CE-T0 181 ± 10 182 ± 10 917 ± 11 6.0 ± 0.1 5.1 ± 0.2
CE-T5 241 ± 12 217 ± 10 866 ± 12 8.0 ± 0.1 7.2 ± 0.1
CE-T5-ex 256 ± 12 252 ± 11 773 ± 11 8.2 ± 0.1 7.4 ± 0.1
CE-T5-ex-C 267 ± 11 243 ± 10 835 ± 11 8.4 ± 0.1 7.5 ± 0.1
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are visible, with size that ranges from 1 to 4 μm. The
aggregates have an elongated shape and they are com-
posed of many smaller sub-particles with dimensions
that range from 10 to 20 nm, as observed in the image
at highest magnification. This worsening effect has to
be ascribed to the calcination, performed on the NPs
before the blending step, which induces the condensa-
tion of the titanols on the TiO2 surface [14]. The so-
obtained NPs are Btitanols free^ and therefore they do
not have any group capable to link the polymeric matrix
by H-bonds, therefore resulting in non-stabilized NPs
that tend to form micrometric aggregates.
Conclusions
The presented work reports a comparative study on epoxy
resin/TiO2 nanocomposites prepared by both the reactive
suspension method and conventional mechanical mixing
method. Solid-state nuclear magnetic resonance investigations
revealed the formation of hydrogen bonds, in the samples
prepared by the reactive suspension method, at the particle/
matrix interface between the hydroxyl groups on the TiO2
nanoparticles surface and the carboxyl groups of the resin.
The same sort of interaction is not observed for composites
prepared by means of conventional mechanical mixing of ex
Fig. 3 TEM micrographs at
different magnification for the
samples. a CE-T5, b CE-T5-
exand
c CE-T5-ex-C
Fig. 2 Schematic illustration of
the interactions, throughH-bonds,
at polymer/TiO2 NPs interface
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situ synthesized calcined titania. This is rationalized by the
elimination of the hydroxyl groups during the calcination pro-
cess, which prevents the formation of the above-mentioned
hydrogen-bonds. Such result represents a direct evidence of
our formerly reported theory in which the formed nanoparti-
cles, by reactive suspension method, act not only as a rigid
filler embedded in a polymeric matrix, but also as actual cross-
linking points among polymer’s chains. This is further sup-
ported by the results of variable spin lock experiments, which
showed that each nanoparticle bonds more than one mono-
meric unit, therefore acting as Bcross-linking densifier^ and
forming an organic-inorganic network. Finally, transmission
electron microscopy investigations showed the influence of
the particle/matrix interactions on the dispersion of the filler.
In fact, the sample prepared by reactive suspension method
showed the best homogeneous filler distribution with a limited
aggregation degree thanks to the formation of hydrogen bonds
at the polymer/filler interphase that stabilize the nanoparticles’
surface limiting the typical aggregation observed in the sam-
ples prepared by conventional mixing methods.
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